) directly activate calcium channels by a redox ond, we have come to appreciate that many NO signals mechanism that opposes the effects of cGMP (Campbell are cGMP independent. These pathways, typically et al., 1996) . Ion channel activation may also account grouped under the broad heading of "redox", have not for NO/SNO-mediated relaxations of third to fourth order been incorporated into the theory of NO action in the human airways (Gaston et al., 1994) and canine (Koh et nervous system. However, redox-related NO signals can al., 1995) or rat proximal colon (Takeuchi et al., 1996) ; be well-regulated posttranslational modifications that these reactions seem to be entirely independent of a rise in cGMP. Taken together, these studies emphasize are part of cellular control mechanisms. Here, we con-1) that some NO-related responses are cGMP depensider the molecular basis of NO transport and regulation dent, but many others are not; 2) increases in cGMP are in vivo, provide mechanistic insights into the specificity not synonymous with cause and effect; and 3) involveof NO-related signals, and identify a consensus motif in ment of cGMP does not preclude an additional mechaproteins for NO-related modifications.
nism of NO signaling in a pathway. A look at how other small molecules overcome diffuWe now consider how these conclusions might apply sional constraints is instructive. Oxygen (O 2 ), carbon to neuronal actions of NO and related molecules. The monoxide (CO), and carbon dioxide (CO 2 ) bind to proexpression of LTP in the CA1 region of the hippocampus teins like hemoglobin that alter their reactivity. They are is thought to be NOS dependent. Postsynaptic excitthen transported to their destination. Upon release, they atory responses have been linked to presynaptic inmay be shuttled to heme-containing proteins such as creases in cGMP that enhance LTP (Arancio et al., 1995, myoglobin, and from there to metal-containing cyto-1996) . However, minor modifications in experimental chromes (Perutz, 1987) . Conformational changes in proprotocol or system expose weaknesses in the link beteins propel transfer of these small molecules in much tween NO-cGMP and presynaptic function (Lum-Ragan the same way as they drive intramolecular electron and Gribkoff, 1993; Williams et al., 1993; Schuman et al., transport (Baldwin et al., 1991 ). In particular, electrons 1994 Haley and Madison, 1995, Soc. Neurosci. abstract; can be transferred by adjacent covalent bond switching Hawkins, 1996; Selig et al., 1996) . The temperamental mechanisms such as thiol-disulfide exchange. Similarly, nature of the NO response might well be explained by the movement of these diffusible ligands involves cova-NO's involvement in more than one signaling pathway lent linkages and is tightly regulated. The same princi-(i.e., the exploitation of more than one target) or more ples apply to NO, which reacts with thiols and transition than one step in the signal transduction cascade. An analogy to phosphorylation is helpful here. Certainly, it would come as little surprise if phosphorylation § Present address and to whom correspondence should be adwere found to enhance a response under one experi- mental condition and to oppose it under another, since (Schmidt et al., 1996) . The cellular availability of substrates and cofactors appears to influence the oxidation state of the NOS product. Nitrous oxide (N 2O) and hydroxylamine (NH 2OH) are end reduction products, whereas nitrite/nitrate (NO2 Ϫ /NO3 Ϫ ) are end oxidation products. The remaining NO-related compounds have different biological actions and potential toxicities that reflect their chemistries in different redox milieu. This is reviewed by Feelisch and Stamler (1996) , Gow et al. (1997) , and Stamler et al. (1992b) . † thiol oxidation; § thiol nitrosylation can occur in the presence of an electron acceptor, i.e., the reaction is highly condition dependent; ¶ thiol nitrosylation (and subsequent oxidation in the case of vicinal thiols this reaction can affect a number of steps in a pathway. substrate availability dictate which reactive nitrogen species is generated (Abu-Soud et al., 1996; Schmidt But the analogy is more than simply one of breadth of effect: phosphorylation and nitrosylation share much in Xia et al., 1996) . The different chemistries, steric properties, and lipid-aqueous partition coeffidesign. Phosphorylation (or phosphoryl group transfer) involves covalent attachment of phosphate to either sercients of the various NO species (Table 1 ) may provide additional levels of regulation. Specificity also comes ine, threonine, or tyrosine, whereas nitrosylation (or NO group transfer) involves the covalent attachment of NO from the target thiol or transition metal, which can range in reactivity by more than six orders of magnitude. to either cysteines or transition metals. The target proteins in both systems can be simple switches or compo-
The proteins involved in synaptic vesicle docking are a case in point. A complex series of positively and neganents of more complex signaling circuits. They include enzymes, G proteins, transcription factors, transporters, tively regulated interactions between synaptic, plasma membrane, and cytosolic proteins lead to sequential and ion channels-all of the machinery necessary for shuttling information from the cell surface to the nucleus docking, activation, fusion, and neurotransmitter release by synaptosomes. An NO donor added to recombi- (Stamler, 1994) . Representative NO targets that are found in neurons are listed in Table 2 .
nant proteins promotes both the positive and negative interactions in a way that corresponds to docking-fusion How is specificity achieved? One way is through the subcellular localization of NOS. This may serve to place (Meffert et al., 1996) . Specifically, S-nitrosylation appears to block the thiol-dependent interaction of n-sec1 NOS either in proximity with an activating source of Ca 2ϩ or with potential targets (Kobzik et al., 1994  with syntaxin 1a while promoting that of VAMP/SNAP-25/syntaxin 1a through induction of disulfide linkages. Brenman et al., 1996) . Another way is by controlling the identity of the enzymatic product. NOS cofactor and Moreover, NO donors exert electrophysiological effects All NO targets identified in the central nervous system to date, with the exception of VAMP, have reactive thiols, i.e., they contain cysteines that are potentially subject to general acid-general base modulation (see text). The NMDA receptor and cyclic nucleotide-gated channel are exemplary targets containing the tetra (acid-base)-motif. Other neuronal targets contain either the tri-motif or an acid or base adjacent to the cysteine. *Guanylate cyclase also contains a heme that is critical for activity. There is additional preliminary evidence in neurons for NO regulation of GABA and glycine receptors, the Na ϩ /Ca 2ϩ exchanger, and the Kv1.1 channel. consistent with presynaptic action (Pan et al., 1996) . acid (K,R,H,D,E) preceding the C(D,E) motif. Like hemoglobin, cyclooxygenase and guanylate cyclase-flagship Nature almost certainly exploits this regulation: the chemistry involved is highly specific to NO, and the proteins of the heme-containing class that bind NO (Stamler, 1994) -also contain the base-acid motif concerted effects on multiple proteins is too great to happen by chance. Indeed, NOS has been identified (K,R,H,D,E)(C)(D,E). The first two hemoproteins have turned out to be regulated by S-nitrosylation. Reexamiin synaptosomes (Deliconstantinos and Villiotou, 1996) , where high local concentrations of NO in solvent phase nation of NO effects on guanylate cyclase and other metal iron-containing proteins that possess the S-nitroand/or membrane in the appropriate temporal sequence may be the key to function-regulating effects. This dissylation motif would seem in order. Indeed, 7 of 11 metalloproteins in the list of NO targets (Stamler, 1994) contain covery may explain the requirement for high concentrations of exogenous NO donors as they cannot produce the full motif and an additional one has the C(D,E) sequence. local changes in NO concentration nor exert the full complement of NO chemistry.
With the three-dimensional model of hemoglobin and the acid-base catalysis mechanism in mind, we atSubtleties of NO regulation have been masked by its facile chemistry, in particular, the enzymatic control of tempted to elucidate a putative target site on the NMDA receptor that would account for NOS down-regulation "NO" dynamics. In both prokaryotic and eukaryotic cells, uncharacterized enzymes detach NO from thiols of the channel (Manzoni et al., 1992; Manzoni and Bockaert, 1993; Kendrick et al., 1996) . Two cysteines in the (Gordge et al., 1996; Hausladen et al., 1996) . Reductases may be candidates for this SNOase activity, as thiore-NMDAR1 subunit have been found necessary for redox modulation (Sullivan et al., 1994) , although others may doxin and thioredoxin reductase cleave S-nitrosoglutathione more rapidly than glutathione disulfide (Nikibe involved (Kohr et al., 1994) . Paradoxically, these cysteines, C744 and C798, appear to be conserved in all tovic and Holmgren, 1996). The eukaryotic cytochrome P450 dNIR reduces NO to NO Ϫ (Hollocher and Hibbs, ionotropic glutamate receptors (Moriyoshi et al., 1991; Sucher et al., 1995) , whereas only NMDA receptors have 1996), and nitrite oxidation is partly enzymatic (Kim and Lancaster, 1993) . Intriguingly, hemoglobin effectively been shown to be redox-NO sensitive (Aizenman et al., 1989; Lei et al., 1992; Manzoni et al., 1992 ; Lipton et catalyzes the S-nitrosylation of its highly conserved Cys␤93 residue. This raises a larger question: might al., 1993; Lipton and Stamler, 1994) . Inspection of the immediate amino acid neighbors of these cysteines reheme-containing enzymes that support NO group transfer (i.e., S-nitrosylation) serve a role analogous to protein vealed that the NMDAR1 cysteines are distinguished from the cysteines conserved in the other ionotropic kinases that promote phosphoryl group transfer (i.e., phosphorylation). NO attached to hemoglobin's thiol can glutamate receptors: they are flanked by a polar amino acid (Q) at position Ϫ2, a basic (K; C744) or acidic (E; then be transferred to other substrate thiols such as glutathione (Jia et al., 1996) . Transnitrosation of glutathi-C798) amino acid at position Ϫ1, and an acidic amino acid (D) at position ϩ1. Thus, these residues can act as one in microsomes is catalyzed by a membrane-bound transferase (Yanbin et al., 1996) . Catalytic transnitrosaacid-base catalysts for nitrosylation-denitrosylation of the conserved sulfhydryl residues (Figure 1 ). Resemtion of critical thiols in proteins also merits consideration.
blance to the microenviroment of hemoglobin Cys␤93 (H,C,D), which is conserved in all mammals and birds, Sites of enzymatic posttranslational modification in proteins are usually identified by the occurrence of ceris noteworthy. Although not found in hemoglobin, the polar amino acid in the Ϫ2 position (G,S,T,C,Y,N,Q) was tain patterns or motifs in the primary amino acid sequence. Whether such proteins are nitrosylated for sigidentified in 15 of 27 NO target proteins (Stamler, 1994) . Given the striking observation of apparently connaling or transport purposes, a ready kinetic mechanism for nitrosylation-denitrosylation is required. In hemogloserved flanking amino acids, we constructed the degenerate amino acid pattern designated (G,S,T,C,Y,N,Q)(K, bin, the Cys␤93 involved in NO binding is preceded by the basic amino acid histidine and is followed by an R,H,D,E)C(D,E) and used it in a search of the Protein Identification Resource (PIR) and Swiss Protein (SW) acidic aspartate residue. In three-dimensional space, the sulfur in Cys␤93 is adjacent to the histidine in the databases with the program Findpatterns of the GCG software package (Program Manual for the Wisconsin R (relaxed) conformation (which has high affinity for O 2 ) and close to aspartate in the T (tense) conformation Package, Version 8, September 1994, Genetics Computer Group) . In the PIR database (Release 44.0; March (which has low affinity for O2; Stamler et al., 1997) . This conformation-dependent positioning facilitates base-1995), 3,878 sequences out of 77,573 contained the motif at least once, and in the SW database (Release 31.0; catalyzed S-nitrosylation in the R-structure and acidcatalyzed denitrosylation in T-structure. Stated another March 1995), 2,383 out of 43,470 sequences contained this pattern. Viral, bacterial, plant, and animal sequences way, the location of Cys␤93 next to basic and acidic side chains promotes S-nitrosylation in the oxy conformation contained this motif. Some sequences in the database contain multiple copies of the motif. and denitrosylation in the deoxy conformation (Stamler et al., 1997) .
Although the demonstration of statistical significance for searches of short motifs in the protein data bank This observation prompted us to explore the generality of acid-base catalysis of nitrosylation. In fact, is difficult (Doolittle, 1986), sequences of 2-5 amino acids clearly serve as recognition sites for posttransla-22 of 27 proteins listed in a review (Stamler, 1994) as bioregulatory targets of nitrogen oxides and 14 of 16 tional modification (e.g., for glycosylation, phosphorylation, and prenylation). When subjected to such statistilisted as containing a thiol reaction site have a C(D,E) sequence-an acidic amino acid following cysteine.
cal analysis (see appendix), our search of the database was suggestive. The putative tetra or tri (eliminating the Moreover, 18 of 27 also contain an acidic or basic amino We have designated the nitrosylated and nonnitrosylated states of proteins SN and SH, respectively. Protein nitrosylation is illustrated via transnitrosylation from a donor nitrosothiol; in actuality, additional donors are likely operative. In principle, a similar mechanism could be written with altered protonation states of His and Asp, i.e., using the Asp carboxylate as the base and the His imidazolium as the acid proceeding from left to right. However, the elevated pKa of the R-state His of hemoglobin (right-hand structure) suggests that the mechanism is correct as drawn. For clarity, amide protons have been omitted. polar Ϫ2 position) nitrosylation motif occurred less often NO is high in the R-structure but low in T (Jia et al., than would be predicted by chance, the difference being 1996; Stamler et al., 1997) . Thus, hemoglobin provides statistically significant (P Ͻ 0.005). The strength of motif a dramatic illustration of how one amino acid can control identity compares favorably with other tetra-and trithe propensity for S-nitrosylation; that is, the amino acid amino acid patterns in the PROSITE database of biologidetermines the quaternary structure (allosteric state) of cally significant sites for posttranslational modification the protein. or regulation of proteins. For example, the Ck2 phosIncluded among the thousands of candidate proteins phorylation site occurs at just above chance level identified by the S-nitrosylation motif are ion channels, (356,292 expected, 355,247 observed; P ϭ 0.077). On transporters, receptors, enzymes, transcription factors, the other hand, the PDZ domain binding tetra motif is small GTP binding proteins, cell adhesion molecules, expected 14,796 times but occurs only 11,678 times, cell adhesion substrates, cyclins, coagulation factors, which is highly significant. None of the known cysteineextracellular proteins, growth factors, and ligands. containing sequences adapted in proteins for covalent Some of these are surely not NO-regulated on the one modification or principally ionic interactions-including hand, and the absence of the motif does not preclude those for metals, ADP ribose, palmitate, myristylate, or NO-responsiveness on the other hand. That said, the isoprenylate-resemble the putative nitrosylation site.
motif identified a site in the olfactory cyclic nucleotideFurther analysis revealed that the most important gated channel that has been proposed by Broillet and component of the sequence is C(D,E). When any amino Firestein (1996) to be NO modulated; in the ras protein acid (X) is permitted in place of (D,E), the pattern occurs superfamily, which Lander et al. (1997) have shown conat close to chance level (P ϭ 0.07). On the other hand, fers NO responsiveness; in the proton pump of synaptic if either or both of the remaining positions are replaced vesicles through which Wolosker et al. (1996) suggest (i.e., XXC [D,E] ), the pattern still occurs significantly less SNOs inhibit glutamate uptake; and in the synaptic prooften than by chance. Interestingly, the statistical signifiteins syntaxin, SNAP-25, and n-sec1, which undergo cance is the same whether (D,E) is placed in the Ϫ1 docking-fusion reactions in response to NO (Meffert et or ϩ1 position and is preserved if the acid is replaced al., 1996). with a base (K,R,H). This may be understood by appreciThe motif might be used in additional ways, for examating that D,E,K,R,H can all act as either acids or bases ple, to identify a target sequence for site-directed mutadepending on protein microenviroment. Indeed, knowlgenesis when multiple candidate thiols may confer NO edge of protein tertiary structure may identify additional responsiveness. The NMDA receptor, ryanodine recepcysteines subject to acid-base modulation: the closest tor-Ca 2ϩ release channel, L-type Ca 2ϩ channel, and catacid or base may not be the one found in the primary fish olfactory channel are cases in point. The motif could sequence. The motif X(K,R,H)C(D,E) is particularly signifalso give molecular insight into sequential arrangements icant, occurring much more often than chance level, among proteins whose interactions are provoked by although significance is lost if the position of the base NO-SNO such as those in the VAMP/SNAP-25/syntaxin and acid are switched. For example, X(H)C(D,E) is ob1a core complex that are critical to exocytotic release served 1496 times but is expected only 1079 times (P Ͻ of neurotransmitters. Alternatively, the motif could be 0.0000001), whereas X(D,E)C(H) is expected 1079 times used to probe the allosteric properties and structural and is observed 1124 (P ϭ ‫.)2.0ف‬
states of proteins, appreciating that thiol reactivity is Why is the acidic (D,E) position in the motif so critical?
likely to be a function of protein conformation. NO-sensiIn hemoglobin, this aspartate (D) forms a salt bridge tive conformations of receptors or ion channels could with the C-terminal histidine (Asp␤94-His␤146), which be readily identified. One could envision even broader locks the protein in the T-structure. Loosening of the usage of the motif if proteins containing the site turn salt bridge elicits the allosteric transition in hemoglobin out to be responsive to diverse redox signals. Such that is associated with classical changes in its cooperapossibilities capture the imagination because of the tive properties and affinity for homotropic and heterorange and ubiquity of the signals, rather than the distropic ligands. The same conformational change in hemoglobin controls the reactivity of Cys␤93: affinity for tances that the signaling molecules travel.
